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SHOCK-TUBE INVESTIGATION OF BROMINE DISSOCIATION RATES
IN PRESENCE OF ARGON, NEON, AND KRYPTON
by Marvin Warshay

Lewis Research Center

SUMMARY

A shock tube with an all-glass driven section was employed to obtain dissociation
rates of bromine in dilute mixtures (1 percent) with three noble gases (argon, neon, and
krypton). All rate measurements were made behind incident shocks. The temperature
range was 1200° to 1900° K. Extensive theoretical treatments have recently been applied
to dissociation and recombination of gases; however, evaluation of these theories and
continued progress have been hampered both by the lack of data and by the poor quality of
data obtained in shock tubes.

For bromine, poor quality shock-tube data had resulted from difficulties involving
three critical areas: materials of construction, light absorption measurements, and tem-
perature drop during dissociation. In this investigation the experimental difficulties were
overcome by using a carefully designed apparatus and procedure.

This investigation provided entirely new data, the rates of dissociation of bromine in
the presence of neon and of krypton, as well as more reliable dissociation rates of bro-
mine in argon. These data helped in the evaluation of the abilities of theoretical models
to predict halogen dissociation-recombination rates in the presence of noble gases. The
five models evaluated were by Bunker and Davidson; Light; Nielsen and Bak; Benson,
Fueno, and Berend; and Keck and Carrier. For the recombination portion of the evalua~
tion, published data were used. The model which best predicts the collision partner ef-
fects is by Benson, Fueno, and Berend. However, one apparent defect that all models
have is the inability to predict the bromine experimental activation energy Ea’ which for
the simple collisional kinetic form of the dissociation-rate constant is less than the disso-
ciation energy Dy- This situation exists because, in all but the Bunker-Davidson model,

Ea is assumed to equal DO'



INTRODUCTION

In the past decade the shock-wave method has been used extensively in the field of
chemical kinetics; it has been of particular value in the measurement of the rates of dis-
sociation of diatomic molecules. These experimental results have heightened interest in
the theory of dissociation and recombination. A great number of theoretical models have
been proposed in recent years which attempt to treat various aspects of the mechanisms
of dissociation and recombination, and in some cases, to predict the rates of dissociation
and recombination of simple species (refs. 1 to 8). Proper evaluation of these theories
and continued progress in these areas have been hampered by two problems. First, many
experimental data are still lacking. Second, as Palmer succinctly expressed it (ref. 9),

. shock tube measurements of rate constants have been notoriously imprecise. "
The results of past investigations of dissociation of bromine in the presence of argon
clearly fit Palmer's description. Figure 1 shows that the agreement among the four dif-
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Figure 1. - Rate constants for dissociation of bromine in bromine-argon
mixtures. (Not all experimental data included for refs, 10 and 11.)



ferent investigations (refs. 10 to 13) is not good and the scatter of the data of several of
the investigations is pronounced. For example, although the fourth investigation (ref. 13)
is a repeat of the third investigation (ref. 12), with the same equipment, there is approxi-
mately a 50-percent discrepancy between the dissociation-rate constants at the same tem-
perature.

Despite the previous inadequacies, the outlook for making reliable measurements of
bromine dissociation rates is not bleak. Bromine, in several respects, is a convenient
substance with which to work. It dissociates at relatively low temperatures. It absorbs
light strongly in the visible region and provides a good means of following the course of a
reaction. In addition, from careful analysis of past bromine shock-tube experiments,
major trouble areas were uncovered. These critical areas are associated with bromine-
metal contact, light-absorption measurements, and cooling of the gas as dissociation
proceeds.

In the present study of bromine dissociation, the problems that had plagued past in-
vestigations were largely overcome. An apparatus and a procedure were carefully de-
signed to obtain reliable bromine dissociation-rate data. These new rate data, which in-
clude three different noble-gas collision partners (argon, neon, and krypton), helped to
make possible meaningful comparisons of five theoretical models. For completeness, a
comparison was also made with recombination data from the literature.

The dissociation and recombination of halogens in the presence of noble gases are
among the simpler dissociation and recombination processes. Establishing whether or
not a model successfully predicts the rates in the elementary case aids the development
of a theoretical model which will be able to make accurate predictions in the complex

case.
SYMBOLS
A preexponential constant in dissociation-rate constant equation
Cp mean heat capacity of gas at constant pressure
Cv mean heat capacity of gas at constant volume
D0 dissociation energy at 0° K
Ea activation energy in dissociation-rate constant equation
F Palmer-Hornig enthalpy correction coefficient
f time derivative of fraction of dissociation
H defined by equation (6)
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transmitted light intensity

incident light intensity

transmitted light intensity prior to passage of shock front
transmitted light intensity following passage of shock front
equilibrium constant

calculated dissociation-rate constant

dissociation-rate constant

observed dissociation-rate constant

recombination-rate constant

optical path length

collision partner

total excited vibrational state of Xs

vibrational state of X2

initial pressure of mixture in driven section

gas constant

absolute temperature

absolute gas temperature prior to passage of shock front
absolute gas temperature following passage of shock front
time derivative of absolute temperature following passage of shock front
velocity of unshocked gas relative to shock front

velocity of shocked gas relative to shock front

mean molecular weight

atom

mole fraction of bromine in shocked gas

diatomic species

internally (vibrationally and rotationally) excited species in unbound state

th

intermediate species in n™ vibrational state

extinction coefficient of bromine

extinction coefficient of bromine in shocked gas




P9 density of shocked gas

bz time derivative of density of shocked gas
T laboratory time
1] concentration

{1 time rate of change in concentration due solely to chemical reaction

EXPERIMENTAL CONSIDERATIONS

In the following discussion of experimental apparatus and procedures many points
are treated only briefly because they are well understood and have been discussed at
length in other papers (refs. 11, 14, and 15). However, at the beginning of each subsec-
tion an effort is made to stress the pertinent aspects of the design and/or procedure.

Shock Tube

The significant feature of the shock-tube design was the avoidance of all contact of
bromine with metal surfaces. Palmer and Hornig (ref. 11) were able to detect their pure
bromine test gas reacting with aluminum diaphragms. In the present study, preliminary
experiments indicated that bromine has a strong affinity for both copper and stainless
steel. After a 1-percent-bromine - 99-percent-argon mixture was injected into one end
of the 12-foot (3. 66-m) stainless-steel section, the bromine concentration of the mixture
at the opposite end required approximately 20 minutes to rise to its ultimate value
(fig. 2).

Therefore, with common metals com-

Lo ° © O pletely ruled out and with tetrafluoroethy-
S lene polymer (TFE) commercially un-
% S available in the size needed, the logical
g o choice for the driven section was glass.
£ 8~ o With glass, unlike metal, there was no
% detected delay period for a bromine mix-
5 1 ture to equilibrate.
= 5 I I I ' I The main components of the shock
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0 5 10 15 20 75 tube used in this investigation were a
Time after injection of gas mixture, min 6-foot (1.83-m) driven section made of
Figure 2. - Measured bromine concentrations of 1-percent- - _
bromine - 99-percent-argon mixtures in stainless-steel shock- stainless steel and a 9-foot (2. 74-m)
tube driven section, driven section made of borosilicate glass
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Figure 3. - Schematic diagram of shock tube,

pipe (fig. 3). Both sections had an inner diameter of 4 inches (10. 16 cm). Placed be-
tween the two sections, on the low-pressure side of the diaphragm, was a 1-inch-long
(2. 54-cm) transition section made of TFE. The vacuum and gas sample lines were con-
nected to this section rather than directly to the glass driven section.

The entire gas mixture line and the initial portions of the vacuum lines leading from
the shock tube consisted of TFE tubing, fittings, and valves. These TFE valves were
used to prevent the bromine gas samples from coming into contact with the metal portion
of the vacuum lines.

The glass wall of the driven section was strengthened in order to increase the pres-
sure range over which the tube could be used. Strengthening was accomplished by joining
materials to the outside of the glass; this added tensile strength to the glass walls. Three
materials were joined to the outside of the glass at different locations along the pipe. The
first 18 inches (45.72 cm) of driven section were covered by a steel tube which was bond-
ed to the glass with epoxy cement. The next 12 inches (30.48 cm) of glass were wound
with adhesive-backed fiber-glass tape. The remaining length of driven section was
strengthened by a 1/2-inch-thick (1. 27-cm) polymethylmethacrylate tube that had been
split lengthwise to allow it to fit over the end of the glass pipe and was kept tightly pressed
against the glass by means of several clamps. Polymethylmethacrylate is convenient be-
cause it is transparent. Of the three methods, the fiber-glass method is considered to
impart the greatest strength to the glass because of the intimate contact between the two
substances.

A stainless-steel flange was located between the borosilicate glass pipe and the TFE
transition section. This flange was installed as a substitute for the end of the glass pipe
which broke off during preliminary experiments at a driver pressure of 140 pounds per
square inch gage (9. 84 kg/cm®). The very small area of metal flange that was exposed to
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the gas mixture was covered with a type of monochlorotrifluoroethylene polymer grease
which was experimentally determined to be inert to bromine.

A thin inert polyethylene terephthalate sheet was used as a closure. Beyond this was
a pipe which led to the exhaust stack. By breaking through this sheet the shock itself pro-
vided the means of disposing of the shock-tube contents.

The driver section was fitted with a solenoid-operated piercing mechanism which was
used to pierce the polyethylene terephthalate diaphragms. Multiple diaphragms were used
to obtain the desired rupture strengths. The pressure of the helium driver gas was raised
to within 3 pounds per square inch gage (0. 21 kg/cmz), or less, of the diaphragm bursting
pressure, which was 80 pounds per square inch gage (5.62 kg/cm®) in most experiments.
In practically all cases, Mach number and temperature variations were produced by vary-
ing the initial driven gas pressures.

Gas Mixtures

In the preparation of the mixtures of bromine and noble gas in the gas-handling appa-
ratus, bromine came into contact only with glass and TFE surfaces. The valves, fittings,
and tubing were TFE.,

Calibrated Bourdon tube gages were used to prepare the 1-percent-bromine mixtures
by the partial-pressure method. A buffer of the appropriate noble gas was used to keep
bromine out of the gage and metal line.

The gas mixture bottles were large borosilicate glass boiling flasks whose walls were
strengthened by bonding fiber-glass gauze to them with epoxy cement. From the measured
tensile strength of a test specimen of the glass-epoxy bond, it was calculated approxi-
mately that the strengthened walls of the glass bottle would withstand pressures up to
800 pounds per square inch (56. 24 kg/cmz). Allowable gas bottle pressure was then lim-
ited by the TFE valve connected to the bottle; this valve was capable of withstanding a
pressure of 150 pounds per square inch gage (10.55 kg/cmz). If properly applied to the
glass portion of the shock tube, this method of glass strengthening might allow the shock
tube to be used at far greater pressures than are presently being considered.

Reagent grade bromine (99. 5-percent minimum purity) was further purified by dis-
tillation before it was used. The argon, neon, and krypton purities were 99. 998, 99. 96,
and 99. 994 percent, respectively. Each mixture was prepared 1 week before use to allow
time for thorough mixing.

Instrumentation

Keeping the incident light intensity I0 within narrow bounds was a very important



part of the measurements of the bromine concentration by the light-absorption technique.
Wray (ref. 16) has pointed out that the largest source of error in the use of absorption
spectrometry for the present type of application is the measurement of IO. Jacobs and
Giedt (ref. 17), who used an expression for calculating the dissociation rate of chlorine
involving the term log log (IO/I), estimated that a maximum error of 30 to 40 percent in
kD could result from an error of only 2 percent in IO. The magnitude of the error in

kD that results from an error in IO depends on the particular expression used to calcu-
late this rate constant as well as on the conditions, principally the concentration. For the
type of expression used for calculating kD in both the present bromine investigation and
in references 10 to 14, the error is smaller for lower bromine concentrations.

The determination of IO hinges on both the apparatus and the procedures used. The
critical features of apparatus are stable power supplies and light sources, a photomul-
tiplier system that produces stable signals with high signal-to-noise ratios, and a good
device to measure the Iy signal.

The incandescent light source (6.5-V, 2.75-A light B, fig. 3) powered by a highly
regulated power supply gave extremely good stability, with less than 0.05 percent change
per hour for either the power-supply voltage or the bulb current. The light beam was col-
limated by placing the bulb at the focal point of a double-convex lens. This lens was
mounted in a camera shutter which served to regulate the exposure of the shock tube and
the detection system to the light beam. A fixed 0. 635-millimeter slit was used where the
beam entered the shock tube. The light emerging from the shock tube passed through an
interference filter that fed monochromatic light into the 931A photomultiplier. The mea-
sured peak and band width at the filter half-peak were 4400 A and 80 A, respectively. The
high voltage required to operate the photomultiplier was produced by a very stable power
supply (<0. 01 percent change/hr). The photomultiplier output was recorded by the lower
beam of a dual-beam oscilloscope. An oscilloscope camera was used to photograph the

oscilloscope traces.

Tube pin The ideal photomultiplier system would respond
number . . .
1 >— . instantaneously to an input signal and would produce a
1 —3 Input i stable signal with no noise. Unfortunately, time re-

sponse, minimization of phototube fatigue, and high

YW

signal-to-noise ratios are goals which often require

W

Each resistance is 47 kQ + 10 percent . . s . .
opposing actions. For example, to minimize fatigue

and still maintain a high output would require a high
output impedance in the circuit; however, good time

VWY YWHYWW

100 k2210 percent response requires a low output impedance. The pho-

00 020 t

T tomultiplier system developed for this work produced
low fatigue rates (0. 01-percent signal change/msec),
good rate response (0.7 usec), and good signal-to-
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W b
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Figure 4. - 931A photomultiplier circuit diagram,




noise ratios (up to 100). The photomultiplier circuit diagram is shown in figure 4.

It was also important not to expose the photomultiplier indiscriminately to the light,
The shutter which was blocking light from the phototube was controlled by a solenoid con-
nected to a timing mechanism. (This timing mechanism also controlled the solenoid that
operated the piercing mechanism.) Keeping the duration of each light exposure as low as
possible was not the only thing that was necessary to minimize fatigue. Intervals between
exposures that were too short resulted in erratic rates of decay of Io. Therefore, the
exposure duration was less than 0. 1 second and the interval between exposures was of the
order of 15 minutes. (The higher the anode current, the greater the required interval
between exposures.) Measurements of I0 were made both before and after each shock;
the I0 at the time of the shock was calculated by interpolation. In most cases the de-
viation in IO was within +0. 5 percent. The traces were measured on a time-motion
analyzer.

Two additional light beams (A and C, fig. 3) together with associated optical equip-
ment, like that just described, were located 6 inches (15. 24 cm) on either side of the
light (B) that was used to measure bromine concentration. The signal from light A, which
was 24 inches (60. 96 cm) from the end of the shock tube, was used to trigger the oscil-
loscope. Photomultiplier signals from lights A and C were used to measure the shock
velocity. With the aid of a cathetometer, all three beams were carefully alined perpen-
dicular to the shock-tube axis.

RESULTS
Extinction Coefficients of Bromine

The static measurement of the room-temperature extinction coefficient ¢ served to
test the efficacy of the optical and electronic equipment that was to be used later in the
shock-wave measurements. The value of € found for the loxtg>10 form of the Beer-Lambert
law was 144.5+1. 6 liters per centimeter-mole.

The measurements of € were considerably less scattered than those made by other
investigators (refs. 10 to 12), who reported uncertainties as high as +15 percent. Part
of the reason for their poorer precision lies in the fact that these measurements were
made directly in the shock tube, in some cases prior to the shocks, while those of the
present investigation were carried out in a precision absorption cell connected to the gas
handling apparatus. In the latter case, better control is achieved over I/I0 and the bro-
mine partial pressure, two of the principal parameters that determine e.

The experimental determination of ¢ at elevated temperatures was conducted from
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Figure 5. - Temperature dependence of bromine extinction
coefficient at 4400 2.

Calculations

The rate constant for the dissociation of bromine

kp
Br2+M:: 2Br + M (1)
kg

is defined by
- {B;'z} - kD[Brz][M] (2)

No contribution from the reverse reaction appears in equation (2) since only initial rates
were measured in this experiment. Also, because of the small concentration of bromine
used, its contribution as a collision partner is ignored. Equation (3) expresses kD in
terms of quantities which are either calculable or measurable:

() G2
dr Vl ) 3)

I
I €yt [Brz][M]
0

k

D=

This equation is very similar to the expressions used by other investigators (refs. 11
and 19).
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Temperature Drop During Dissociation

The dissociation of bromine is an endothermic reaction; consequently, the gas mix-
ture cools as dissociation proceeds. This cooling leads to a change in all the parameters
characterizing the gas in the reaction zone and must be taken into account to evaluate the
rate constants properly. Palmer and Hornig (ref. 11) derived a factor, which they called
F', to make this enthalpy correction. However, for their 1-to-10 bromine-argon mixture,
their corrections varied nonlinearly with temperature between the extremes 50 and 690
percent (1.50 < F < 7.90). Though theoretically correct, the determination of F in-
volves uncertainties that are a reflection of the uncertainties associated with the compo-
nents that make up F, such as temperature and extinction coefficients. Therefore, the
most satisfactory solution is to minimize temperature drop, and thereby make its influ-
ence minor. At the 1-percent-bromine concentrations used in the present investigations
the enthalpy corrections were small and varied little with temperature (1.07 < F < 1. 13).

Hiraoka and Hardwick (ref. 19) have written a convenient expression for the F cor-
rection factor:

F= —— . (4)

For a very small fraction of bromine dissociated, they derived equations for the
changes in density and temperature as the dissociation progresses; the ideal gas law was
assumed and the conservation laws for mass, momentum, and energy were used:

P2 1
f

P _ (W2
2 CpT2 <E>V2Cv

X (AH - C_T
o vI2) 5)

where

RT,

T, p

2-21(Wy2_q, - X, T, )
f pzf R
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In these calculations the shock-wave parameters were calculated with the standard
one-dimensional relations (ref. 15). Table I contains calculated and measured quantities

used in a representative calculation of kD'

Measured Rate Constants

With the aid of equations (3) to (7), bromine dissociation-rate constants were calcu-
lated for each of the three systems, bromine-argon (Br2-Ar), bromine-neon (Bry-Ne),
and bromine-krypton (Bry-Kr). These data are presented in figure 6, in the traditional
manner of log kD against 1/T. The least-squares lines representing the data were cal-
culated by assuming the simple collisional form for kD, that is, AT1/ 2 exp(-E a/ RT).
The equations for the three systems are as follows:

Brz—Ar
k. = 2. 18x10871/2 i
D= 2 exp[(-31. 5 kcal/mole)/RT] liters/(mole)(sec) (8)
Brz'Ne
_ 8..1/2 .
kp=1.82x10"T exp[(-31. 3 kcal/mole)/RT] liters/(mole)(sec) (9)
Brz—Kr
k. = 4.32x108T1/2 i
p= 4 exp[(-33. 6 kcal/mole)/RT] liters/(mole)(sec) (10)

The data for each of the three systems exhibit definite linear trends over wide tempera-
ture ranges. Furthermore, the precision of the data is significantly higher than that of
most published data for bromine dissociation rates in the presence of argon. (Compare
figs. 1 and 6.) In figure 6, the mean kobs - kcall/kobs values for the Brz—Ar, Bry-Ne,
and Brz-Kr systems are 13, 11, and 9 percent, respectively.

Separate experiments conducted with the light source turned off showed that emission
from the shock heated gas could be ignored in the absorption experiments. Also, Britton
(ref. 12) reported that below 1900° K bromine emission is negligible.

THEORETICAL MODELS

Only those models which can be used for the calculations for the specific halogen
reactions investigated in this study were considered. Therefore, Keck's model (ref. 8)
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was not included because it only predicts upper
bounds to the rates. In addition, it was nec-
essary to be able to extract from each model

TABLE 1. - CALCULATED AND MEASURED
QUANTITIES USED IN REPRESENTATIVE

CALCULATION OF BROMINE DISSOCI-
absolute rate constants rather than merely an
ATION RATE CONSTANT . ]
expression for the rate constant in terms of

Ty, °K 300. 4 unknown parameters. In some cases these

P,, mm Hg 26.1 calculations were facilitated by calculations of
5 some of the parameters by the authors them-

dly/dr, arbitrary units/sec 55, 410 selves. A review of recent literature indicated

vy, m/sec 1301.2 that five models should be considered in this

Vg, m/sec 380. 4 work. These are the models of Bunker and

1,, arbitrary units 2701 Davidson; Light; Nielsen and Bak; Ben'son,

L1 0. 954 Fueno, and Berend; and Keck and Carrier

1770 (refs. 1 to 6). The Benson-Fueno-Berend

12/ 0. 902 model was originated by Benson and Fueno

€gl, liters/mole 2161 (ref. 4); later, however, Berend joined Benson

[Brz], moles/liter 4.770x107° and participated in the subsequent work on the

model (ref. 5). This group of five models in-

[Ar], moles/liter 412131073 cludes some which were derived specifically

Po/Pot 0. 0547 for recombination or for dissociation or, in

Ty din(e o) one case, for both. However, at any particu-

T 4(—&*2— 0.0179 lar temperature, microscopic reversibility,

that is, K= kD/kR, permits comparisons

F 1.078 among the models on the basis of either recom-

kpy, liters/(mole)(sec) 1. 48x10° bination or dissociation rates. At room tem-

Ty °K 1825 perature the calculated theoretical values will

be compared with published experimental re-
combination rates for halogens in the presence of noble gases. In the temperature range
where dissociation is significant the comparison will be made by using the dissociation
rates measured in the present investigation.

The models of Bunker and Davidson and of Benson, Fueno, and Berend are recom-
bination models. Bunker and Davidson's theory is for the rate of recombination of halo-
gen atoms X in the presence of various third bodies M. The theory assumes the forma-
tion of an equilibrium concentration of MX species. On the other hand, the recombina-
tion model of Benson, Fueno, and Berend does not involve complexes with the atoms.
Their mechanism involves a cascade model in which deactivation occurs by small amounts,
essentially one vibrational quantum, at a time. A fundamental difference between these
two chemical mechanisms can be illustrated by equations expressing their initial basic
assumptions:

13
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Figure 6. - Rate constants for dissociation of bromine,
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and Bak used classical scattering approaches in their models for




40x10° dissociation of gaseous diatomic molecules.

- System composition, In the former case the collisions were as-
percent . . s .
20— 1 Bromine - 9 argon sumed to be adiabatic, while in the latter

— = — 1 Bromine - 99 krypton
nonadiabatic. In addition, the model of
Nielsen and Bak involves only monatomic
third bodies.
The mechanism of Keck and Carrier

----- 1 Bromine - 99 neon case they were assumed to be strongly
\\
\
\

is the most general; it is based on a theory
of nonequilibrium dissociation and recom-

~N

bination. They set up a master equation to
investigate the coupled vibration, dissocia-
tion, and recombination of a dilute mixture
of diatoms in a medium of inert gas atoms.

Rate constant, kp, liters/(mole)sec)

Examination of classical and quantum mod-
els showed that a classical model is a bet-
ter approximation to the physicochemical
phenomena. In their theory, Keck and
Carrier did not take into account the Van
\ der Waals forces, which are important at
W | | | | low temperatures. For this reason their
4.8

-4 . .
56 64 7.2 80 8810 theory will be left out of any comparisons
Reciprocal temperature, UT, 1/°K

) ) o involving low-temperature rate data.
Figure 7. - Least-squares lines for bromine dissociation
rate constant data for argon, neon, and krypton systems. These theoretical models have some
characteristics in common. Regarding
temperature dependency, the relations developed by the three dissociation models are
basically of the simple collision form. In addition, the dissociation models, along with

the Benson-Fueno-Berend model, assume that Ea = DO'

DISCUSSION

The least-squares lines representing the bromine experimental data for the three
systems investigated are plotted in figure 7. These lines indicate that bromine dissocia-
tion is approximately 13 percent slower in neon than in argon. The krypton system re-
sults were rather unexpected; they indicated that at high temperatures bromine dissoci-
ated at higher rates in the presence of krypton than in the presence of argon, while the re-
verse was true at low temperatures.

Before these results are used in the evaluation of the theoretical models, they should
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be considered in relation to the problem concerning the scarcity of reliable rate data.

For instance, there are no published experimental data which could have been used to pre-
dict successfully these collision partner effects. An investigation (ref. 20) of the disso-
ciation of fluorine was conducted in the presence of argon, neon, and krypton; the neon
data were completely reported, but for the argon and krypton systems, only general
trends were mentioned in the discussion. Halogen dissociation experiments (refs. 12

and 14) containing results which could be used for satisfactory comparison of noble gas
effects on dissociation rates have been carried out only with argon and helium systems.
As for halogen recombination, only iodine recombination experiments have been conducted
in the presence of several noble gases. Even if the third-body efficiencies were assumed
to be the same for all halogens, it would be wrong simply to equate the efficiencies ob-
tained for recombination at low temperatures with those obtained for dissociation at high
temperatures. The values vary with temperature and, at present, in an unpredictable
manner.

For example, for recombination of iodine at room temperature, the relative effi-
ciency of helium compared with that of argon has been reported to be 36 percent (ref. 21)
and 48 percent (ref. 22). On the other hand, at the higher temperatures where dissocia-
tion is important, Britton, Davidson, Gehman, and Schott (ref. 14) reported a widely
varying relative efficiency between helium and argon; it was 74 percent at 1000° K and
only 32 percent at 2000° K.

Finally, to generalize from the collision partner efficiencies of neon and krypton in
the dissociation of nonhalogen diatomic gases is also unwise, for two reasons. First,
the dissociation results for hydrogen, deuterium, nitrogen, and oxygen disclose no ap-
parent pattern. For example, with respect to oxygen dissociation, Rink (refs. 23 and 24)
found krypton to be twice as efficient as argon; however, for hydrogen dissociation, he
could detect no difference in the efficiencies of krypton and argon (ref. 25). Second, the
poor precision of much of the diatomic dissociation data (£30 to +50 percent) would make

the rate data rather unreliable.

Absolute Dissociation Rate Constants

The predictions of the dissociation rates of bromine in the presence of argon for all
five models, as well as the line representing the experimental data of this investigation,
are plotted in figure 8. (Benson and Fueno calculate four different cases; graphed in fig-
ure 8 is case IB which uses a Morse function and is the one whose prediction comes
closest to the experimental data.) At the same temperatures, four of the five theoretical
predictions are within an order of magnitude of the experimental values. The Keck-
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Figure 8. - Rate constants for dissociation of bromine in bromine-argon
mixture.

Carrier model predicts much higher rates than those predicted by the other four models
or those which had been measured.

However, it is equally important to point out the discrepancies between the predicted
and the experimental rates. For instance, the slopes of all five predicted lines are
steeper than the experimental line; this difference in slopes indicates that, from the
standpoint of a simple kinetic collision model, the activation energies in the five models
are higher than that observed. These differences between the measured and predicted
slopes are more evident when the rate constants are converted to recombination constants.
Figure 9 shows that the typical inverse temperature dependence of the experimental rate
constants is much more pronounced than is predicted by any of the models. This dis-
crepancy is due to the assumption, which is made in all but the Bunker-Davidson model,
that Ea = DO' As has been mentioned previously, the measured activation energy for
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Figure 9. ~ Rate constants for recombination of bromine in bromine ~ argon
mixture.

bromine dissociation in the presence of argon was 31. 5 kilocalories as compared with
45.5 kilocalories for the dissociation energy. The data of this experiment are not the
only bases for this conclusion. Although there is disagreement among the results of past
investigators of bromine dissociation, in each case the slope of the experimental line is
not as steep as it would be for E a= DO' Furthermore, the results of other dissociation
experiments (refs. 10, 14, 17, 19, 26, and 27) of polyatomic, as well as diatomic, mole-
cules indicate that E, < DO when the data are expressed in the simple collisional form.

Collision Partner Effects Upon Relative Dissociation Rates

The results of the present investigation permit an evaluation of the predictions for
each model of the effects of the noble-gas collision partner upon bromine dissociation
rates. These are the rates of dissociation of bromine in the presence of neon, argon,
and krypton. The use of relative rates focuses attention upon the collision partner effects.
Table II can be used for a comparison of these relative dissociation rates. With this
table three observations can be made for each model. First, the degree to which each
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TABLE II. - COMPARISON OF EXPERIMENTAL AND CALCULATED BROMINE RELATIVE DISSOCIATION

RATE CONSTANTS FOR ARGON, NEON, AND KRYPTON COLLISION PARTNERS

Source of Temperature, Ratio of dissociation Qualitative evaluation of model
rate constants T, rate constants
ox Closeness to Mass Temperature
kD, Ne/*D, Ar kD, Kr/kD, Ar experimental effect effect
results
1. Warshay?® 300 -———- ——— m——— ———— ————
1200 0. 87 0.84
1800 . 88 1.14
2. Nielsen—Bakb 300 0.81 1.03 Good Moderate | None
1200 .81 1.03
1800 .81 1.03
3. Lightb 300 0.75 0.93 Poor Inverse Opposite ef-
1200 1.07 .84 effect on | fects on neon
1800 i.12 .82 krypton and krypton
4. Bunker- 300 0.26 1.45 Poor Strong None
Davidsonb 1200 .27 1.48
1800 .27 1.48
5. Keck-Carrier? 300 ———- -—-- Fair None None
1200 1 1
1800 1 1
6A. Benson-Fueno- 300 -——- ———— Best Moderate | None
Berendb 1200 0.86 1.13
1800 . 86 1.13
6B. Benson-Fueno- 300 -——— -—--- Good Moderate | Moderate
Berend?® 1200 0.72 1.08
1800 .81 1.21

aExperimental data.

bCa\_lcula.ted theoretical model.

model predicts experimental relative bromine dissociation results is shown.

Second, the

degree of influence of the mass of the noble-gas collision partner is considered. Third,

the influence of temperature upon the relative rates is noted. All three of these observa-

tions are summarized in table II.

Four the the models, 2, 4, 5, and 6A, display no significant temperature effect upon
the relative rates. In fact, the Keck-Carrier model 5 predicts no effect whatsoever of
collision partner upon relative reaction rates. In table II, the values for this model are
inferred from theoretical calculations in reference 6 in which for each of six diatomic
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Figure 10. ~ Experimental and theoretical values for ratio of recombination-rate

constant for iodine in presence of noble gas third body to that in presence of

argon.
molecules the nature of the noble gas had no effect upon the rate. This finding is sur-
prising because the Keck-Carrier theoretical rate constant expression does include pa-
rameters which are dependent upon the collision partner. At the other extreme is the
Bunker-Davidson model 4, which, in comparison with the observed results, exaggerates
the influence of collision partner upon reaction rates.

The Benson-Fueno-Berend model makes the predictions which are closest to ob-
served results. Two cases are listed for this model. In case 6A the authors' calculated
results are taken at face value; the values were read directly from a figure in which it is
assumed that the efficiencies of the collision partners do not change with temperature.
However, in the same article the authors indicate that there is a small effect of tempera-
ture. From figures 12, 15, and 16 in reference 5, it was possible to calculate a somewhat
different set of collision partner efficiencies which is labeled 6B in table II. These val-
ues which display a small temperature dependency match the observed values reasonably
well, although not as well as those of 6A.

Collision Partner Effects Upon Relative Recombination Rates

From figure 10 a comparison can be made of the ability of each model to predict the
influences of the inert noble gases on iodine recombination rates. The experimental re-
sults of Christie, Harrison, Norrish, and Porter (ref. 21) are used as the standard of
comparison because they are considered the most accurate available. In addition, their
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investigation covered the largest number of noble gases. The abscissa merely identifies
the noble-gas third body; the gases are arranged in order of atomic weight. For sim-
plicity, the data are joined by straight line segments. In every case the model of Benson,
Fueno, and Berend predicts values closest to experimental values. The other recombina-
tion model (Bunker-Davidson) makes predictions which have the proper trend but which
exaggerate the effect of mass. Of the two dissociation models, the predictions of Nielsen
and Bak are closer to experimental values than are the predictions of Light.

The theoretical rate data presented in figures 8 to 10 and in table II were either ob-
tained from the original model references themselves or else calculated from the equa-
tions presented in these references. Several of the final theoretical equations are ex-
pressed in terms of molecular properties such as collision cross sections and attractive
energies. Therefore, the particular set of properties used may have a considerable ef-
fect upon the calculated rates, especially the relative rates. This was particularly true
of the Nielsen-Bak model, which was strongly dependent upon the values of the cross sec-
tions. The major source of molecular properties was reference 28; reference 29 was
used to a lesser extent.

CONCLUDING REMARKS

The improvement in the reliability of these results is attributed to the efforts made to
uncover and diminish weaknesses of past investigations. Major efforts were devoted to the
avoidance of bromine-metal contact, to the maintenance of a stable incident light intensity
IO’ and to the reduction of the enthalpy effect to a minor influence. Of the remaining
sources of error, two that are difficult to eliminate completely are associated with the non-
ideal shock-wave behavior and the measurement of initial slopes from oscilloscope traces.

The model best able to predict the effects of noble gas collision partners upon halo-
gen recombination and dissociation is the Benson-Fueno-Berend mechanism of atom re-
combination by consecutive vibrational deactivation. However, this conclusion may have
to be altered as different halogen - noble-gas systems are investigated experimentally, as
totally new models are proposed, and as existing models are modified. For instance, it
has been reported that both the Benson-Fueno-Berend and the Keck-Carrier models are
presently undergoing revisions. Also, it will be well for those who are developing theo-
retical kinetic models to consider that for many substances undergoing dissociation at
high temperatures it is inappropriate to assume a simple collisional model in which the
activation energy Ea is equal to the dissociation energy DO‘

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, April 5, 1966.
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